We have studied the static magnetic properties of three different M-type doped barium ferrite compounds prepared by the glass crystallization method. The zero-field-cooled (ZFC) and field-cooled (FC) processes have been recorded at low field and they all show the typical features of a small particle system. The ZFC curves display a broad peak at a temperature T,, which depends on the distribution of particle volumes in the sample. Isothermal magnetization curves M(H) at several temperatures and saturation magnetization M, as a function of temperature have been measured for the Co-Ti sample (BaFe 10,4Coc.8Tic8019). The dependence on temperature of the macroscopic magnetic parameters has been analyzed. The distribution of blocking temperatures is studied from the derivative of the remanent-to-saturation magnetization ratio with respect to temperature and it is fitted to a lognormal distribution, leading to a mean blocking temperature ( TB) = (8 1 f 40) K. The distribution of volumes of the magnetic unit is also obtained from this lltting. The dependence on temperature of the coercive field follows a Tk-law below 35 K. The value of the k exponent is discussed within the scope of two models: (i) the aligned case (k=0.5) and (ii) the random case (k=0.77).
I. INTRODUCTION
&f-type barium ferrite BaFelzO,, has been widely studied because of its applicability in various technological fields, such as microwave devices, permanent magnets, and high-density magnetic and magneto-optic recording media."2 Many efforts have been devoted to the development of a synthesis procedure that leads to a better control of both particle size and morphology, since the conventional ceramic method3 does not fulfill these aims. Among them (see, for example, Refs. 4-6), the glass crystallization method (GCM) 7-8 appears to be particularly successful in controlling the particle size, from the nanocrystalline regime (mean particle diameter of some tens of angstrom) to the microscopic region (some microns).
Co-Ti doping, the x=0.8 compound seems to be the best one for magnetic recording applications,8-9,i1 since the magnetic structure is still ferrimagnetic, the Curie temperature is well above room temperature and the coercive field is sharply reduced to technologically achievable values. We note that Toshiba has announced the production of a 3.5-in barium ferrite floppy disk with 40 Mb of memory by the spring of 1993 (Ref. 15) , which will increase the current memory capacity by about one order of magnitude.
As regard to technological applications, BaFe,,Olg powders consisting of an assembly of plateletlike single crystalline particles of about 1 pm are suitable materials for permanent magnets. Concerning magnetic recording, the ideal mean particle size is about 0.1 ,um. Since the pure compound displays too high a coercive field H, which precludes its technological applications, BaFer201a is usually doped with Co2+ cations'-' ' which sharply reduce its magnetocrystalline anisotropy.12 In this framework, the a2+-Ti4+ doping scheme (leading to BaFe12-&!o,Ti,Ota samples, 0.1 <x<l.O), is the most commonly used,8-g111 although other schemes have also been tested, such as the Co-Sn, '4 and the Co-Ti-Sn-Gel4 doping schemes. The first was designed in order to reduce the coercive field faster than the Co-Ti substitution, while the other two were studied so as to control the temperature coefficient dHJdT. As for the
In this paper, we study a particle size region that may lead us to further technological applications, as well as to new fundamental properties: the nanocrystalline region. GCM is proving to be an excellent method to obtain M-type doped barium ferrite powders with mean particle size ranging from about 80 to 300 b; (depending on both the thermal treatment and the doping. cations), having a plateletlike shape and a narrow size distribution. *'t4 We present the magnetic properties of three different compounds: (I) BaFe10,4CoO~8Ti0.8019 ( Co-Ti sample), (ii) BaFelo.3Coo,,,Tir,45Sno~40~9 (Co-Ti-Sn sample), and (iii) BaFe10.4Coo.sTio.4&e25Gec1001g (Co-Ti-Sn-Ge sample).
II. EXPERIMENT ___rm_ "Author to whom all correspondence should be addresSe& 6. :* I.-All samples were prepared by the glass crystallization method. The GCM is characterized by homogenized melt fluxes of Fe203, BaO, B2O3 and of the corresponding oxides of the doping cations (for example, T&O and Co0 for the Co-Ti sample) at about 1300 "C, which were amorphized by rapid quenching in a two-roller equipment. Annealing the glass flakes above 550 "C led to the nucleation and growth of the borate and the hexaferrite phases. Barium ferrite particles crystallized to suitable sizes during this treatment and they were isolated by dissolving the matrix in dilute acetic acid in an ultrasonic field. After centrifugation, washing and drying, a fine powder of M-type doped barium ferrite particles with the required stoichiometry was obtained. A more detailed explanation * on this procedure is given in Refs. 8 and 14, and references therein.
Magnetization measurements were carried out with an SHE S.Q.U.1.D magnetometer in the temperature range 4.2-300 K and in magnetic fields up to 50 kOe. The zerofield-cooled (ZFC) and field-cooled (FC) processes were recorded at low field (at about 35 Oe) in the same temperature range for the Co-Ti, Co-Ti-Sn, and Co-Ti-Sn-Ge samples, while the isothermal magnetization curves M(H) at some given temperatures and the dependence on temperature of the saturation magnetization were recorded for the Co-Ti compound, in order to compare the experimental results to those reported in the literature concerning bulk powders.
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We display in Figs. 1 (a)-1 (c) the ZFC and FC magnetization data for all three compounds studied.
The ZFC curves show a wide maximum at TM, thus indicating that the magnetic moment of each particle is blocked along its easy magnetization direction at a temperature T,, which depends on particle volume, anisotropy, and orientation. As the samples are constituted of an assembly of crystallites that present a certain distribution of volumes f( V), each crystallite is blocked at a different temperature T B, which is not influenced by the easy magnetization direction in absence or in very low magnetic field. Then, we observe experimentally a distribution of blocking temperatures F( TB) providing a broad peak in the ZFC curve. The maximum of the curves is reached at TM= 195, 175, and 245 K for the Co-Ti, Co-Ti-Sn-Ge, and Co-Ti-Sn samples, respectively. TM is related to the mean blocking temperature (T,) through the distribution of particle volumes (see below). Transmission electron microscopy (TEM) shows that TM increases with mean particle volume (V) (( v) is about 1.1 x 105, 0.88 x 105, and 17.5 X lo5 A3 for the Co-Ti, Co-Ti-Sn-Ge, and Co-Ti-Sn samples, respectivelyr6). Besides, the ZFC magnetization (MZFC) strongly decreases below the peak, since the superparamagnetic-ferromagnetic passage activate the anisotropy which force particle magnetization along the easy axes, which are randomly oriented. The relative decrease of n/r,,, is also observed above TM, as we approach the superparamagnetic region.
There also appears a clear irreversibility between the ZFC and FC measurements. The FC magnetization achieves a nearly constant value below a given temperature T* (which is always below TM) and this value is much higher than the ZFC values. The FC magnetization state is nearly an equilibrium state in which below T* almost all particles have only a positive projection of the magnetization along the magnetic tield direction, while the ZFC magnetization state is not a true equilibrium state. If we record the evolution of Mz~o at a given temperature below TM as a function of time, this value will tend asymptotically to !?IG. 1. Zero-field-cooled and field-cooled magnetizations as a function of temperature measured at 35 Oe for (a) the Co-Ti compound, (b) the Co-Ti-Sn-Ge compound and (c) the Co-Ti-Sn compound.
the corresponding FC magnetization value (MFC). The magnetic irreversibility [ Fig. 2(a) ] is very small for the Co-Ti and Co-Ti-Sn-Ge samples at about room temperature, while it is still high for the Co-Ti-Sn compound, thus indicating that either some degree of magnetic correlation is maintained or there are still a non-negligible amount of blocked particles. In fact, the temperature of the maximum of the ZFC (T M~245 K) is the largest of the three compounds studied. Therefore, we may obtain a rough estimation of the extrapolated Curie-Weiss temperature 8 only for the Co-Ti and Co-Ti-Sn-Ge compounds. Although at room temperature most of the particles are already superparamagnetic (see Figs. l-2 and 6-S), we have to go to higher temperatures in order to accomplish a well-defined linear law M$ vs T and a full superparamagnetic regime. We observe in Fig. 2 the Co-Ti, Co-Ti-Sn, and Co-Ti-Sn-Ge samples, respectively) .16
The dependence on temperature of the saturation magnetization M, for the Co-Ti sample, measured at 50 kOe, is displayed in Fig. 3 . We assume that the decrease of M, below Tz35 K is due to the fact that we cannot saturate the sample, since we cannot rotate the magnetic moments of all blocked particles along the magnetic field direction, even at 50 kOe. In the inset of while above -120 K we observe the T5'2 term. It should be noted that recent calculations," as well as recent experimental results, l9 for ultraflne particles and clusters (some tens of angstrom) having fee and bee structures have shown that the spin wave picture may also be applied, with an a exponent in the demagnetizing law T" which ranges from 3.0 for the smallest clusters (decreasing almost linearly with the inverse of the cluster diameter) towards the bulk value 1.5. The isothermal magnetization curves M(H) of the Co-Ti sample have been recorded at several temperatures below the maximum of the ZFC curve TM. Virgin curves are shown in Fig. 5 and the coercive fields obtained from the hysteresis cycles are displayed in Fig. 6 (a) . The dependence on temperature of the initial susceptibility Xin (slope of the linear regime M vs Hat low fields) is represented in Fig. 7 .
Figures 5 and 7 clearly indicate that Xin rapidly increases with temperature, in such a way that, as the zerofield saturation magnetization (the value of the magnetization at zero-field extrapolated from the saturated regime) decreases with temperature, the M(H) curve at a given temperature crosses all M(H) curves corresponding to lower temperatures. This is experimentally observed when T>35 K (Fig. 5) , as expected from Fig. 3 (M, vs T) .
The dependence on temperature of the coercive field H, is shown in Fig. 6 (a) . For monodisperse, noninteracting, ferro/ferrimagnetically ordered particles, coercivity is expected to depend on temperature as
where H,(O) is the coercive field at T=O, and A is written as A = WI/ welm 15 (2) where V is the particle volume and fi is a coefficient that depends both on the measuring time of the experiment r, and on the prefactor r. that governs the superparamagnetic relaxation through the relaxation time r of the Arrhenius law:
The k exponent in Eqs. ( 1) and (2) is l/2 for an assembly of aligned particlesm and the coercive field follows the characteristic T"'-law. Pfeiffer has developed the case of an assembly of randomly oriented particles, obtaining that the coercive field also follows a Tk-law, with k=0.77 (See Ref. 33 ). H, is plotted against T'12 and Tu7' in the inset of Fig. 6 (a) and in Fig. 6(b) , respectively. Both approaches lead us to similar agreements with experimental results and they are followed only at the four lowest temperatures ( T < 35 K), since IQ. ( 1) is correct when most of the particles are blocked. The ZFC curve [ Fig.  1 (a) ], the initial susceptibility Xin (Fig. 7) Concerning the isothermal magnetization curves, M may be written at low fields (below about 1000 Oe) as M=XinH, (5) where ,yin is the initial susceptibility, which is shown, as a function of temperature, in Fig. 7 . The initial susceptibility increases more than one order of magnitude between 6 and 210 K and follows the ZFC magnetization perfectIy [see Fig. 1 (a) ]. We should remark that the isothermal magnetization curves have always been recorded in the same way: We heat the sample up to room temperature and, then, we cool it in zero field down to the measuring temperature. We assume that both ,~in and MzFc variations come from the contribution of the superparamagnetic particles and this contribution increases with temperature up to TM.
Above about 2000 Oe, the M(H) curves were fitted to the law of approach saturation (LAS) for ferromagnetic and ferrimagnetic powder?
where Me is the zero-field saturation magnetization and xd is the high-field differential susceptibility. Xd is due to the contribution of noncollinear spins in the magnetic structure and it appears frequently in M-type doped ferrites as a consequence of the disruption of the collinear uniaxial magnetic structure when doping with diamagnetic cations. These cations induce the supression of some superexchange paths that facilitate the magnetic equilibrium, leading to new noncollinear magnetic structures.= Apart from this contribution, surface effects arising from noncollinear surface spins are also important in small particles. The A/H term is related to the existence of inhomogeneities in the microcrystals which reduce the mobility of the magnetization23 and theoretically should vanish at high enough magnetic fields,% otherwise the magnetic energy necessary to saturate the sample would be infinite. This result has indeed been confirmed experimentally." The B/H2 term is related to the magnetic anisotropy and it may be written for a uniaxial hexagonal compound with 
where Hk is the magnetocrystalline anisotropy field of a uniaxial system, with Hk=2Kl/c, and Ki is the first anisotropy constant.3 Hsh represents the shape anisotropy field,3 expressed as Hsh = ANMY, AN being the difference between the demagnetizing factors along the easy and hard directions of a particle. As a first approximation, we will take AN=4n0.54 for the powder sample, corresponding to an aspect ratio (diameter-to-thickness ratio) D/t r=4, which is a typical average ratio for this kind of sample.8.'4 C, is the volume fraction of ferrimagnetic (blocked) particles. Within the framework of the ideal Stoner-Wohlfarth model, we should expect that M~llfs=0.5C~,
where M, is the remanent magnetization and 0.5 is the value of the M/MS ratio at T =0 (Ca= 1, all particles blocked). It is clear from Fig. 8 (a) that M/MS ~0.5 as we approach T -+ 0, which might be due to different facts, such as noncoherent rotational magnetization processes, interparticle interaction, magnetization reversal through tunneling, distribution of anisotropy fields, and particle size distribution. We may obtain an estimate of the fraction of blocked particles as a function of temperature from the expression
where Of/M,) T4~ is the value of the remanent-tosaturation ratio at T-O. As we cannot measure below 35 K since the sample is not saturated, we take ofefs)
T-0 z 0.3 from the extrapolation of Fig. 8 (a) , as- suming that this ratio is saturated at T -0. Equation (6) can be applied only when the volume fraction of blocked particles is dominant with respect to that of superparamagnetic particles. At the mean blocking temperature (T,) [(T&=81 K, see below and Fig. 8(b) ], M/'M+~0.14, which indicates that about 50% of the total sample volume is ferrimagnetic (blocked). Then, we cannot fit the experimental M(H) curves to the law of approach saturation expressed in Eq. (6) 
when T > (T,).
The fitted valuesof Xd (about 1.4X 10m4 emu/g from 35 K up to ( TB) ) are larger than that obtained for the same Co-Ti x=0.8 compound prepared by the conventional ceramic method (about 0.4~ 10h4 emu/g at 4.2 KL" suggesting that xd increases as particle size decreases, as has been observed experimentally in the pure phase,27 as a result of the enhancement of the finite-size effects.28 The same is observed in the Iw, values (Me is about 18.8 emu/g from 35 K up to ( TB) ) , which are much smaller than those of microscopic particles (about 90 emu/g at 4.2 K)."
From these results, we understand that there is a large dead magnetic layer at particle surface, which behaves as paramagnetic and contributes to the high-field differential susceptibility. Then, as experimental saturation magnetization (both Me and M,) concern the whole particle (not only the inside core where magnetic structure is that of a bulk specimen, but also the dead magnetic layer), the volume of the magnetic unit must be related only to the inside core. This is the reason why we have used the experimental value of the zero-field saturation magnetization for microcrystalline particles fl (M;;""=90 emu/g at 4.2 K, Ref. 11) in the definition of both the first anisotropy constant Ki and the shape anisotropy Hsh (K,= 1/2(Hm"), Hsh = AN=").
In addition, we have introduced an effective anisotropy constant K,, in Eqs. (2)- (4), since in the present case the shape anisotropy is not negligible. K,, is related to the anisotropy field H,=Hk-H,, through KeE= 1/2(H#).
We notice that we have checked the purity of the sample by different ways in order to exclude the presence of spurious phases that lead to a reduction of the experimental saturation magnetization. The Curie temperature has been obtained with a vibrating sample magnetometer (VSM). The experimental value (T,;=633 K) is very close to the value obtained for microcrystalline powders. The evolution of the magnetization with temperature up to T, is regular and reversible, and no anomaly is observed, thus suggesting that other magnetic phases, if present, are below the detection limit of the apparatus. Moreover, the nucleation and growth of the ferrite phase have been followed carefully by chemical methods (thermogravimetry, kinetics), allowing to assert that the &f-type phase is the major phase in the sample. Finally, although x-ray diffraction patterns have been also recorded, Bragg peaks are so broad that no conclusion concerning minor phases in the sample may be drawn from them.
The fitted magnetocrystalline anisotropy fields Hk are about 23 kOe between 35 K and ( TB). The anisotropy fields Ha are about 20 kOe in this temperature range. Ha and Hk are sensitive to the magnetic field interval where they are fitted. It is actually difficult to separate the A/H term from the B/H2 term when fitting experimental M(H) curves to Eq. (6). Only with magnetic fields well above 2-3 times the anisotropy field (which are not achievable with our experimental setup) may we be sure that the magnetization curves are purely of the 1/H2-type. We have fitted experimental curves to the l/H2 term within magnetic field ranges always above 10 kOe, by tixing the l/H contribution fitted below 10 kOe. We have detected relative enhancements of the values given above which are always below 25%. The tirst anisotropy constant K1 and the effective anisotropy constant KeE are about 5.5 x lo6 erg/cm3 and 4.7~ lo6 erg/cm3, respectively, between 35 K and ( TB), with a relative enhancement due to the fitting interval which is also below 25%.
All these results should be taken as approximate values for the following reasons: (i) the anisotropy fields derived from the law of approach saturation2' are overestimated [in comparison with those obtained from other 'methods, such as the singular point detection method ( SPD)30 and the transverse susceptibility method3T, since we measure the larger values of the distribution of anisotropy fields g(H,), instead of the mean value. (ii) superparamagnetic particles contribute to the law of approach saturation through the Langevin function L(x) =coth(X) -l/x, with X= VMJU(kJ).
L(x) is 1 -l/x when x is large, and it is linear with x when x is small. As a result, the ratio VH/T determines if superparmagnetic particles contribute either to the l/H term (and, therefore, this cannot be univocally attributed to crystal defects) or to the initial susceptibility Xi". Also, at intermediate values of x, I;(x) may cause some uncertainty in the determination of the anisotropy field. We notice that x is of the order of 2.3 when V=(y), T= ( TB) (see below) and H= 1000 Oe, if we use n/p,,. (iii) as the sample is polycrystalline, we will have some scattering in the demagnetizing factor AN. (iv) it is difficult to separate the A/H from the B/H2 contribution, in the considered magnetic field range. The determination of the anisotropy field from independent methods is in progress now.
extracted the distribution of blocking temperatures F( TB), corresponding to the distribution of particle volumes f(V).
We have fitted F( TB) to lognormal distribution
where ln ( T,) is the mean value of ln( TB) and o is an adimensional parameter associated with the dispersion around ln( Tm). The mean T, value and its dispersion oT are written (T,)=T, exp( -2) and CT= Tmsqr[exp (22) -exp(d)]. Equation (10) and the experimental d(M,/MJ/dT vs T curve lead to (T,) =81 K and or=40 K. Then, the maximum of the MmC curve TM and (TJ are related through TM=c(T,) with ~~2.4, which represents about a 20% excess with respect to the c=2 value expected for a quasinormal distribution. We attribute this variation to the experimental error in the M,JM$ data. Furthermore, Fig. 8 (b) indicates that nearly all particles are superparamagnetic at room temperature, while all particles are blocked below about 20 K.
The fitted magnetocrystalline anisotropy fields Hk are larger than that reported for microcrystalline particles of the pure BaFe12019 phase (about 17 kOe at 4.2 K),3 and for the Co-Ti x=0.8 sample (about 13 kOe at 4.2 K, Ref. All these results suggest that surface effects are of the greatest importance for nanocrystalline M-type barium ferrite particles and they seem to indicate that when reducing particle size, MO strongly decreases and Hk, K,, and K,, are enhanced with respect to the bulk values (Ki and K,, have been derived assuming that the inside core is responsible for the magnetic properties). Consequently, we suggest that the anisotropy comes from two different sources, one from the volume of the inside core and the other from the limit surface of this core. Therefore, the anisotropy constant K for nanocrystalline barium ferrite particles might be written as K=Kb+(S/V) Ks, where Kb is the anisotropy constant corresponding to the bulk (in erg/cm3), KS is the anisotropy constant corresponding to the surface of the inside core (in erg/cm2) and S is the limit surface of the inside core. According to this expression, K increases when particle size decreases.
As the distribution of blocking temperatures F( TR) and the distribution of particle volumes f( V) are related through Eq. (4), ( TB) leads us to a mean anisotropy energy (K, V) ~(2.8* 1.4) x lo-l3 erg, which is in good agreement with the mean values 2.4~ lo-l3 erg and 2.1 x lo-l3 erg that we have derived from the H, vs T"2-and H, vs To."-laws [see Eqs. (l)- (4)].
Taking the mean value of the effective anisotropy constant Ke, of about 4.7~ lo6 erg/cm3 (we neglect the distribution of anisotropy fields), the mean volume of the magnetic unit ( V) is (6r 3) x lo4 A3, smaller than the mean particle volume obtained from TEM ( ( V) z 1.1 X IO5 A3, Ref. 16), as expected when there is a large dead magnetic layer at particle surface. We notice that this particle volume, together with D/t~4, lead us to a specific surface area of about 271 m2/g. Kubo et al. report34 that the saturation magnetization of some barium ferrite samples (x=0, 0.5, 0.85, with some particle sizes for each substitution) significantly decreases when the surface specific area increases within 5 and 35 m2/g. We believe that the extrapolation of this decrease till the specific surface area of the sample may explain the saturation magnetization that we find experimentally.
IV. SUMMARY AND CONCLUSIONS
The ratio HJH= is expected to be 0.48 in the classical Stoner-Wohlfarth model32 (array of randomly oriented single domain noninteracting ferro/ferrimagnetically monodisperse particles). In our case, this should be accomplished at the limit T-+0, when all particles are blocked. However, H,(O)/H, (O) is of the order of 0.2-0.3, much smaller than the expected value, as we have already detected in the remanence-to-saturation ratio. The same reasons that in that case might account for this reduction.
We have studied the static magnetic properties of three different M-type doped barium ferrite compounds prepared by the glass crystallization method.
The ZFC and FC curves of all samples display the typical features of a small particle system. The ZFC processes present a broad peak at a temperature TM, which depends on the particle size distribution. TEM shows that the larger the mean particle volume, the higher T,. There is also a clear irreversibility between the ZFC and FC curves, which tends to disappear as we approach the superparamagnetic region. The ratio M/MS is displayed in Fig. 8(a) . From the A wide magnetic characterization of the Co-Ti comderivative of M,/M$ with respect to temperature we have pound has been recorded. Saturation magnetization fol-lows a Ta-law above 120 K, with az2.7. We suggest that relaxation effects may preclude the observation of spins waves at low temperature, while we detect the characteristic contribution of interacting spins waves at high temperature. However, we notice that small particles present a coefficients'8'1g which strongly depend on particle size. Coercive fields H, follow a Tk-law below 35 K. Experimental values are in close agreement, within the experimental error, with both k= l/2 (aligned case>20 and k=0.77 (random case),33 where we obtain an estimate of the mean energy of anisotropy (KefV), leading to 2.4X lo-l3 and 2.1 X lo-l3 erg, respectively. Above 35 K, the linearity is lost due to the contribution of superparamagnetic particles. Isothermal magnetization curves have been fitted to the LAS expressed in Eq. (6) below the mean blocking temperature ( TB). The zero-field saturation magnetization M, is much smaller and the high-field differential susceptibility xd is much larger than the experimental values for microcrystalline particles. We ascribe this to finite-size effects."*28 We understand that there is a large dead magnetic layer at particle surface. Furthermore, the anisotropy constant K1 and the anisotropy field Hk, which we associated with the inside core of the particle where the magnetic structure is that of a bulk specimen, are larger than those reported for microcrystalline particles. We suggest that the anisotropy of nanocrystalline barium ferrite particles comes from both the volume and the limit surface of the inside core.
The distribution of blocking temperatures has been attained from the derivative of remanent-to-saturation ratio with respect to temperature, which has been fitted to a lognormal distribution. We obtain that the mean blocking temperature (T,) is (81=!=40) K, leading to a mean energy of anisotropy (K#) cz (2.8h1.4) X lo-l3 erg, in good agreement with mean values derived from the H, vs Tk-laws. As the effective anisotropy constant K,, is about 4.7 X lo6 erg/cm3, the mean volume of the magnetic unit is (6~ 3) x lo4 A3, smaller, as expected, than the mean particle volume ( v) z 1.1 X lo5 A3 obtained from TEM.
We conclude from our results that the GCM is successful in obtaining very small Co-Ti particles with a narrow distribution of sizes in comparison with microcrystalline powders. At present, dynamic magnetic measurements are being recorded. We are measuring the time dependence of the FC magnetization, and our main goals are to obtain some information about the energy barrier distribution and its dependence on the magnetic field and information about the relaxation mechanism as T --, 0.
